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ABSTRACT 


It  has  been  demonstrated  that  a  relatively  small,  high 
repetition  rate  laser  can  be  a  most  attractive  high  average  power 
source  of  x-rays  In  the  3/4  to  2  keV  range.  This  x-ray  energy 
range  Is  particularly  significant  for  x-ray  microllthography  of 
Integrated  circuits.  Mode  locked  Nd-YAG  lasers  focused  to  several 
tens  of  ym  spot  sizes  are  very  efficient  x-ray  sources  for  this 
purpose.  Over  ten  percent  of  the  laser  light  can  be  converted  to 
x-rays  of  energy  over  1  keV  with  a  400  mj  200  psec  laser.  Mode 
locked  lasers  with  repetition  rates  of  lOHz  and  the  above  outputs 
are  available  now.  Applicable  laser  systems  with  much  higher  average 
power  should  be  available  In  the  near  future. 

Conversion  efficiency  with  1.5  nsec  pulses  of  10  j  have 
also  been  studied  and  preliminary  results  look  very  encouraging. 
However,  the  data  analysis  have  not  been  completed,  and  more 
experimental  work  may  be  required.  The  high  average  power  slab 
laser  system  under  development  at  Stanford  Is  planned  to  pro¬ 
duce  1.06  pm  pulses  In  this  range. 
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INTRODUCTION 

It  is  well  established  that  x-ray  lithography  is  an  effective 
means  for  replicating  sub-micrometer  linewidth  patterns Besides 
replicating  test  patterns,  the  technique  has  been  used  to  fabricate 
Surface  acoustic  wave  devices,  bubble  domain  devices,  £n  diodes,  bipolar 
transistors,  and  MOS  transistors.  The  basic  concept  of  x-ray  lithography 
is  to  use  the  short  wavelength  of  an  x-ray  source  instead  of  the  long 
wavelength  of  an  ultraviolet  source.  This  essentially  eliminates  the 
diffraction  limitation  of  the  ultraviolet  source.  With  this  eliminated, 
x-ray  lithography  is  capable  of  producing  line  patterns  with  a  "line 
width  accuracy"  of  less  than  0.1  ym. 

The  laser-plasma  x-ray  source  has  developed  into  the  most  intense 
laboratory  x-ray  source  available  in  the  energy  range  of  -v  3/4  to  2  keV. 

In  addition  it  appears  to  be  the  most  attractive  laboratory  high-average- 
power  x-ray  source  in  this  energy  range,which  is  particularly  significant 
for  micro lithography  of  integrated  circuits.  There  can  be  little 
doubt  about  the  need  for  high  intensity  and  high-average-power  x-ray 

sources  which  operate  in  this  energy  range,  and  which  are  small  enough  to  be 
used  in  a  laboratory  or  industrial  locations.  The  rapid  growth  of  synchroton 
x-ray  facilities  demonstrates  the  Increasing  Importance  of  high-average- 
power  soft  x-ray  sources.  However,  the  synchrotron  Is  excluded  as  a  labora- 
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tory  x-ray  source  because  of  its  size  and  cost.  The  conmercial  applications 
should  expand  greatly  when  the  source  becomes  readily  available  at  the  home 
facility  of  the  user. 

The  principal  remaining  problem  in  high  resolution  x-ray 
lithography  is  the  development  of  an  adequate  soft  x-ray  source.  The 
optimum  x-ray  energy  for  the  few  micron  thick  silicon  masks  and  present 
photoresists  is  about  1.25  keV.  The  conventional  rotating  anode  x-ray 
machines  are  very  inefficient  in  this  energy  regime  and  have  source 
diameters  too  large  to  produce  high  resolution  at  a  reasonable  distance. 
Although  high  conversion  efficiency  of  laser  pulses  to  X-rays  was  achieved 
more  than  10  years  ago,  some  of  the  research  required  to  develop  high- 
average-power  sources  in  the  most  useful  pulse  energy  ranges  still  remains 
to  be  done. 

In  this  report,  the  development  of  the  laser  plasma  x-ray 
source  for  soft  x-ray  lithography  on  integrated  circuits  will  be  discussed. 
This  application  utilizes  the  high-average-power  of  soft  x-rays  attainable 
with  a  rapidly  pulsed  laser  of  smaller  pulse  size.  Other  applications 
such  as  microradiography  of  thin  samples,  EXAFS  (extended  x-ray  absorption 
fine  structure),  and  medical  treatment  should  also  benefit  indirectly. 


BACKGROUND 


This  section  discusses  the  basis  of  plasma  x-ray  sources  with 
emphasis  on  the  laser-plasma  source^^"®^  as  applied  to  x-ray  lithography 
applications. 
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Comparison  of  Plasma  Sources 


Comparison  of  various  plasma  x-ray  sources  for  lithography  appli¬ 
cation  is  complex  because  at  least  three  plasma  parameters  are  involved: 
plasma  temperature,  radiating  area,  and  conversion  efficiency  of  energy 
absorbed  in  the  target  to  plasma  x-rays.  Almost  all  plasma  x-ray  sources 
of  interest  for  x-ray  lithography  are  thin  radiators  in  the  energy  range  of 
interest.  That  is,  the  reabsorption  of  the  x-rays  by  the  plasma  is  negli¬ 
gible,  and  the  dominant  spectral  shape  of  the  emitted  x-rays  follows  the 
plasma  bremsstrahlung  envelope  and  not  that  of  a  black  body  emitter.  This 
does  not  mean  that  K,  L,  or  M  lines  will  be  absent  from  the  plasma.  They 
will  be  present  in  large  numbers  but  the  statistical  envelope  of  the  radia¬ 
tion  energy  intensity  will  have  the  approximate  shape  exp(-hv/kT)  where  hv 
is  the  photon  energy  in  keV  and  kT  is  the  plasma  thermal  energy  in  keV. 

The  energy  Ep  incident  on  the  photoresist  is  given  by 

'Ep  =  C^/2irr‘^  jf  expi:(-ax-(hv)/kT)jd(hv)  J/cm^  (1) 

where  a(cm“^)  and  x(cm)  are  the  absorption  coefficient  and  thickness  res¬ 
pectively  of  the  open  part  of  the  mask,  r  is  the  distance  from  source  to 
photoresist  and  C-]  is  a  constant  depending  on  the  laser  pulse  energy,  pulse 
width,  and  target.  For  laser  pulses  on  copper,  which  are  currently  being 
considered  for  the  high  average  power  source,  C]  is  approximately  .IEl. 

For  a  silicon  mask  below  the  K-edge,  a  »  5000(hv)"3.  With  these  assump¬ 
tions  we  find, 

Ep  «  .1  liA2vr^)  j^exp[-5000(hv)'^  x-(hv/kT)]d(hv)J/cm^  (2) 

The  x-rays  emitted  from  the  plasma  fall  off  exponentially  with  increasing 
energy,  while  the  x-ray  transmissivity  of  the  mask,  T(hv)  is  controlled  by 
the  photoelectric  absorption  cross-section  and  falls  off  rapidly  with 
decreasing  energy.  The  resultant  x-rays  reaching  the  photoresist  fall  in 
a  narrow  band  as  shown  in  Figures,  and  for  the  purposes  of  this  analysis 
can  be  treated  as  monoenergetic  with  energy  given  by  the  peak  For 

silicon  this  is  given  by 


Sensitity  Weighted  X-ray  Emission 
Relative  Units 
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^(hi/)S(hv)  T(hv) 


X'  ray  Energy  Relative  Units 


FIGURE  1.  SENSITIVITY  WEIGHTED  X-RAYS  ON  PHOTORESIST 


Transmissivity  Tihp) 


(3) 


(hv)  =  n  X 
m 

Because  of  the  sharply  peaked  integrand,  when  kT  is  less  than  (hv)|^,  Eq,  2 
can  be  evaluated  by  expanding  the  integral  in  a  Taylor  series  about  (hv)^^^ 
(saddle-point  method),  giving 

Ep=.07ELr'^  exp(-14.7  x^^^/kT)^''^)J/cm^  (4) 

For  a  3  micrometer  silicon  mask  and  an  0.9  keV  temperature  plasma  (typical 
of  the  laser-plasma),  (hv)^  =  1.41  keV.  The  peak  is  sufficiently  below  the 
1.84  keV  K-edge  of  silicon  to  permit  our  analysis  to  be  valid.  The  amount 
of  photoresist  exposure  which  would  have  resulted  from  x-rays  above  1.84 
keV  is  small. 

Now  if  we  consider  a  typical  photoresist,  without  absorption 
edges  in  the  region  of  (hv)_,  the  absorbed  dose,  D,  is  approximately  pro- 

-j  in 

portional  to  (hv)"'^.  Thus  from  Eqs.  3  and  4, 

Do  (kT)‘^''V^^®  exp(-14.7x^^^(kT)‘^^^)  (5) 

Since  the  coefficient  of  the  exponent  is  only  very  weakly  dependent  on  (kT), 
the  dose  to  the  photoresist  is  essentially  exponentially  dependent  on 
(kT)”^'^^.  For  a  mask  of  3  micrometers  silicon  and  a  (kT)  of  0.9  keV,  the 
exponential  attenuation  is  8.1.  The  silicon  K-edge  will  cause  severe 
attenuation  if  (kT)  is  increased  by  more  than  a  factor  of  2  and  a  (kT)  of 
1.8  keV  still  has  an  exponential  attenuation  of  'v  3.5.  Therefore  the 
dose  for  the  present  laser-plasma  source  is  only  a  little  more  than 
a  factor  of  2  less  than  that  of  the  optimum  plasma  bremsstrahlung 
spectrum.  It  is  nearly  an  optimum  source  for  lithography. 

I  know  of  no  electrical  spark  source  producible  with  machines  of 
reasonable  size  and  cost  that  will  produce  a  plasma  of  more  than  about  0.1 
keV.  The  x-rays  emitted  by  this  type  of  plasma  will  have  an  exponential 
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attenuation  of  over  10  .  Many  discharge  plasmas  emit  higher  energy 


non- thermal  x-rays.  But  the  spectrum  normally  includes  a  hard  component 
which  causes  an  unacceptably  weak  contrast  between  exposed  and  unexposed 
areas. 

Two  other  factors  must  also  be  considered  in  comparing  plasma 
sources:  source  size,  and  conversion  efficiency  of  energy  absorbed  in  the 
target  to  x-rays.  The  obvious  effect  of  source  size  is  on  resolution. 

At  a  source- to-wafer  distance,  D,  and  a  mask-to-wafer  distance,  S,  a 
flat  disc  x-ray  source  of  radius,  r,  produces  a  "blur",  6  of  6  =  S(2r/D). 
Probably  of  greater  significance  than  the  blur  is  the  opportunity  to  bring 
the  x-rays  from  a  small  source  out  of  the  vacuum  through  differentially 
pumped  orifices  and  avoid  the  rather  large  x-ray  attenuation  through  thick 
windows.  Laser  plasma  sources  are  generally  much  smaller  in  volume  than 
sparks. 

The  significance  of  the  conversion  efficiency  of  energy  absorbed 
in  the  target  to  x-rays  in  a  useful  energy  band  is  somewhat  more  subtle. 

A  low  conversion  efficiency  means  that  a  large  amount  of  target  debris  is 
generated  with  the  x-rays.  This  debris  can  damage  and  plate  windows  in 
addition  to  damaging  orifices  for  differential  pumping.  Even  if  a  spark 
source  produced  sufficient  x-rays  for  lithography,  the  debris  would  make 
it  a  difficult  source  to  use. 

Scaling  Criteria 

For  the  high-average  power  applications,  it  is  advantageous  to 

use  a  low  pulse  energy,  high  repetition  rate  laser.  The  high  conversion 

rates  of  laser  energy  to  x-rays  (up  to  27%  over  300  eV)  at  Battelle  have 

been  achieved  in  the  near  steady-state  coronal  plasma  radiation  regime 

with  carefully  pre-conditioned  plasma  profiles.  The  rule  of  thumb 

dividing  line  between  steady  state  and  time  dependent  coronal  plasmas 
12 

is  given  by  t  =  10  /n  .  Since  the  critical  plasma  density,  where  the 

®  21 

principal  absorption  occurs  is  n^  »  10  ,  radiation  times  greater  than 
1  nanosec  can  be  reasonably  assumed  to  be  steady  state.  Actually  a 
large  frac  ’on  of  th'*  absorbed  energy  is  conducted  to,  and  radiated 
from,  regions  <•  *  g.  ater  density  than  10  ,  so  somewhat  shorter  irradiation 
times  can  still  be  considered  likely  to  be  described  by  a  steady  state 
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radiation  model.  This  is  an  important  factor  if  we  are  to  assume,  for 
scaling  purposes,  that  the  radiated  x-ray  spectrum  depends  only  on  the 
power  density  and  electron  density  gradient  at  the  critical -density 
surface.  If  quasi-steady  state  conditions  have  not  been  achieved,  the 
spectrum  will  depend  on  previous  irradiation  history. 

The  focal  diameter,  D^,  at  the  critical  surface  of  the  plasma 
changes  as  the  plasma  moves  out  at  a  velocity  v.  If  the  laser  is  focused 
on  the  critical  density  surface  at  timet,  Df  is  given  by 

“t  '  f  ObO  *  »|t|f  (1) 

where  f  is  the  f  number  of  a  perfect  lens,  Dg  is  the  incoming  beam  diameter, 

L  is  the  natural  beam  divergence,  and  v  is  the  plasma  velocity.  The  first 
term  represents  the  initial  focal  diameter  on  the  critical  surface  and  the 
second  is  the  increase  in  diameter  due  to  the  expanding  plasma.  The  situa¬ 
tion  in  which  the  laser  is  focused  at  the  position  which  the  critical  density 
surface  will  occupy  when  the  laser  reaches  peak  power  corresponds  to  t  =  0 
when  the  laser  power  is  at  its  maximum.  However,  for  purposes  of  scaling, 
this  is  not  a  factor. 

The  power  density  at  focus,  P.  is  given  by 
P  =  4/^[f^DgV/Pj_  +  2v|t|DgA/PL  +  vV/(f^PL)]‘^  (2) 

where  Pj^  is  the  laser  pulse  power.  In  the  steady  state  v,  is  a  function 

only  of  P  for  a  given  target.  If  f  and  a  are  kept  constant  and  t  and  Dp 

1/2  “ 
are  scaled  as  P^^  '  ,  P  will  remain  unaffected.  Thus,  the  spectrum  and 

conversion  efficiency  will  be  conserved  with  this  scaling.  This  type  of 

scaling  has  been  tested  at  Battelle  over  a  laser  pulse  energy  range  of 

over  100,  and  found  to  be  valid. 

13 

For  typical  conditions  of  P  =  2  x  10  ,  the  copper  plasma  will 

be  about  19  times  ionized  at  the  maximum  plasma  temperature  of  '\0.9  keV 
and  V  =  3  X  10^  cm/sec.  The  optimum  f  number  for  the  lens  is  given  by 
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Of  course  the  f  number  of  the  lens  cannot  change  with  time  on  a  nano¬ 
second  time  scale.  For  a  high  average  power  system  we  would  like  to 
have  P  exceed  a  threshold  for  an  extended  time  rather  than  have  the 
peak  power  coincide  with  the  minimum  focal  diameter.  This  also  keeps  v 
relatively  constant  through  a  large  part  of  the  pulse.  Plasma  velocity 
is  a  weak  function  of  P  anyway.  Choosing  the  lens  to  optimize  the  power 
at  time  t  gives 


P  = 


ttVt  DgA 


(4) 


In  scaling,  t  is  proportional  to  the  pulsewidth. 

If  high  conversion  efficiency  is  desired  for  low  energy  pulses, 

a  short  pulse  width  is  required.  However,  it  is  not  obvious  why  low  energy 

pulses  are  desirable  for  a  high  average  power  laser  source.  Large  pulse, 

solid  state  lasers  are  almost  universally  made  of  glass.  Because  of  the 

thermal  expansion  and  low  pumping  efficiency  of  glass,  it  is  several  times 

more  expensive  to  obtain  the  same  average  power  from  a  glass  system  than  a 

YAG  system.  Unfortunately  YAG  rods  are  limited  to  small  diameters  (1  cm 

or  less  for  commercial  systems).  It  is,  therefore,  advantageous  to  be 

able  to  operate  with  low  energy  pulses.  Since  our  past  experience  has 

13  2 

shown  that  P  should  exceed  ^.2  x  10  W/cm  ,  a  pulse  energy  under  1  Joule 

requires  a  pulse  width  less  than  1  nanosec.  Such  a  pulse  width  can  only 

be  attained  on  commercial  systems  by  mode  locking,  and  available  mode- 

locked  systems  become  unstable  at  pulse  widths  longer  than  Ml. 25  nanosec. 

At  this  pulse  width  the  -v-l  cm  diameter  YAG  rod  is  limited  to  0. 3-0.4  Joules 

per  pulse  if  long  life  is  required.  These  conditions  are  more  than  adequate 

1 3 

to  exceed  the  requirement  that  P  >  2  x  10  but  conversion  efficiencies  of 
laser  light  to  x-rays  of  the  desired  energy  have  not  been  determined  for 
pulses  of  this  low  energy  in  the  time  dependent  coronal  regime  prior  to 
the  present  study. 
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RESULTS  OF  CURRENT  RESEARCH 

The  results  of  the  research  to  date  in  this  program  have  been  very 
encouraging.  It  was  shown  in  the  discussion  on  laser  energy  scaling  that 
the  desired  conversion  efficiencies  should  be  attainable  if  the  following 
scaling  condition  is  met. 

EL/vT^DgA  >  10^^ 

where  E|^  is  the  laser  energy  in  joules,  t  is  the  width  of  the  laser  pulse 

at  half  maximum,  v  is  the  plasma  velocity  in  cm/sec,  Dg  is  the  beam  diameter 

in  cm,  and  a  is  the  beam  divergence  in  radians.  This  condition  assumes  an 
optimum  lens  and  plasma  steady  state  conditions,  as  well  as  optimum  prepara¬ 
tion  of  the  plasma  at  the  surface  of  the  target.  Since  a  high  repetition 
rate  mode  locked  laser  is  now  available  commercially  with  an  energy  of  400  mj 

at  a  pulse  width  of  0.2  n  sec  and  a  pulse  rate  of  10  Hz,  these  single  pulse 

conditions  were  chosen  for  our  experimental  study.  To  go  from  single  pulse 
x-ray  production  to  a  repetitive  pulse  system  it  is  only  necessary  to  devise 
a  rapid  target  changing  mechanism. 

The  mode  locked  laser  pulse  conditions  easily  meet  the  scaling 
condition  equation.  The  major  unknown  factors  are  whether  the  plasma 
approaches  steady  state  conditions  in  0.2  n  sec  and  whether  the  correct 
surface  plasma  can  be  realistically  produced.  A  computer  analysis  done 
with  Battel le's  Flash  code  shows  the  state  of  ionization  as  a  function  of 
time  for  a  1-dimensional  constant  laser  irradiation  on  iron  assuming  time 
dependent  state  ionization  conditions.  It  can  be  seen  from  Figure  2 
that  the  time  dependent  ionization  has  reached  over  90  percent  of  its 
nanosecond  value  in  265  picoseconds.  Since  the  ionization  levels  in¬ 
volved  are  closely  spaced  L  levels,  one  would  not  expect  to  see  a 
significant  decrease  in  the  energy  of  the  line  radiation. 

The  experimental  results  showed  this  conclusion  to  be  valid  in 
the  range  of  interest.  As  shown  in  Table  I  ,  the  conversion  efficiency  of 
laser  energy  to  x-rays  up  to  2  keV  is  about  the  same  for  several  hundred 
mj,  200  picosecond  pulses  as  for  100  j,  1.5  n  second  pulses. 


Copper  targets  were  used  for  the  scaling  studies  because  copper  has 
the  atomic  number  corresponding  to  the  most  effective  conversion  efficiency, 
as  shown  in  Figure  3.  To  understand  the  reason  for  the  peak,  one  can 
consider  that  L-lines  are  caused  mainly  by  inelastic  collisions  between 
free  electrons  and  ground  state  ions.  The  collisions  excite  bound  electrons 
from  the  L-shell  to  the  M-shell,  and  the  x-rays  are  produced  by  the  spontaneous 
radiative  decay  doing  of  M-shell  electrons  back  to  the  L-shell.  Targets 
with  Z  above  the  copper  peak  have  energy  gaps  between  the  various  L  and  M 
subshells  that  are  too  wide  to  be  efficiently  excited.  For  targets  with 
Z  below  the  peak,  the  various  energy  gaps  between  L  and  M  subshells 
increasingly  fall  below  the  1  keV  as  Z  decreases.  In  addition,  the  L-shell 
population  decreases. 

Targets  with  various  combination  of  elements  were  tried  but  they 
were  consistently  les-  efficient  than  the  most  effective  element  in  the 
alloy.  While  copper  appears  to  be  the  best  choice  for  a  system  which 
uses  a  Nd  doped  laser,  the  A1  peak  is  also  interesting.  This  peak  consisted 
predominatly  of  He-like  K-line  with  an  energy  of  1.60  keV.  This  energy 
is  interesting  because  it  will  pass  readily  through  the  K-edge  notch  of 
a  Si  mask  substrate.  While  the  conversion  efficiency  is  very  low  (only 
'1  percent),  it  is  expected  that  this  efficiency  can  be  improved  by 
irradiation  with  shorter  wavelengths  of  laser  light.  The  increased  initial 
density  should  help  the  A1  K-line  radiation  because  the  number  of  available 
radiative  transition  between  the  L  and  K  subshells  is  not  sufficient  to 
radiate  away  the  increasing  power  at  the  optimum  temperature.  Several 
high  repetition  rate,  short  wavelength  eximer  systems  may  be  promising 
with  A1  targets.  Experiments  with  frequency  doubled  pulses  of  0.53  ym 
are  planned  in  the  near  future. 

Additional  discussion  of  the  current  research  is  found  in  the 
two  papers  to  be  published  included  with  this  report.  The  abstract  of  a 
paper  presented  earlier  this  year  is  also  included. 
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TABLE  I.  Comparison  of  Recent  500  mj  Subnanosecond 
with  Previous  1.5  Nanosecond  100  j  Tests 


Be-Thickness, 

mils 


Effective  Conversion  Efficiency 

Energy  _ Above  Effective  Energy _ 

keV  500  mj-200  psec  100  j-1.5  nsec 


5  1.21  0.12 

1  1.43  0.050 

2  1.71  0.032 

3  1.89  0.020 

5  2.14  0.008 

10  2.55  0.004 

1  X  10'^ 


0.096 

0.058 

0.032 

0.021 

0.012 

0.0053 


15 


2.82 


0.003 


15 


TABLE  II.  Comparison  of  Recent  200  mj  Subnanosecond 
Differential  Foil  Spectra  with  Previous 
1.5  Nanosecond,  100  j  Tests 


Be  Thickness 
Mils 


Effective 

Energy 

keV 


Conversion  Efficiency 

Above  Effective  Energy _ 

.26  j-200  psec  100  j-1.5  nsec 


■ 

1/2 

1.21 

.12 

.096 

^  1 

1 

1.43 

.049 

.058 

t:5i 

■ 

2 

1.71 

.031 

.032 

1 

3 

1.89 

.0065 

.021 

i; . 

■ 

5 

2.14 

7.7  X  10*^ 

.012 

r  1 

10 

2.55 

2.5  X  10’^ 

.0053 

f? 

15 

2.82 

2.4  X  10‘5 

.003 
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INTRODUCTION 

Progress  in  the  development  of  high  power  lasers  during  the 
past  decade  has  opened  the'  door  to  many  new  areas  of  applications. 

The  best  known,  of  course,  is  the  possibility  of  achieving  controlled 
thermonuclear  fusion  by  means  of  laser  heated  plasma.  However, 
several  applications  of  laser  plasma  x-rays  have  more  attractive 
current  prospects.  There  are  many  points  of  similarity  between  the 
x-ray  and  fusion  problem.  Both,  for  example,  require  laser  heating 
of  plasmas  to  the  kilovolt  regime.  But  there  are  significant  dif¬ 
ferences.  The  x-ray  work  usually  involves  heating  of  high  Z 
materials,  while  the  fusionable  materials  are  low  Z.  Most  of  the 
x-ray  applications  do  not  require  target  compressions,  and  can  use 
simple  planar  targets.  Additionally,  neither  the  plasma  temperature 
nor  the  laser  efficiency  requirements  are  as  severe.  The  main  effect 
of  these  differences  is  that  the  lasers  for  x-ray  production  can  be 
Btuch  smaller  and  less  expensive  than  lasers  for  fusion.  He  have 
recently  demonstrated  that  x-rays  can  be  efficiently  generated  with 
mode  locked  laser  pulses  of  several  hundred  mj^.  The  characteris¬ 
tics  that  differentiate  a  laser  plasma  x-ray  source  from  conventional 
sources  are: 

(1)  The  x-ray  spectrum  comes  from  highly  stripped 
species  and  is  predominantly  L  line  radiation 
or  continuum  in  the  kilovolt  regime.  Belium- 
llke  K  lines  arc  also  obtainable. 

(2)  The  pulse  width  is  very  short  in  the  ^>0.1  to 
10  ns  range. 


(3)  The  source  size  is  very  ssmII,  ‘'40*200  vb  diemter. 

This  eoBbinetion  of  characteristics  Bakes  possible  several 
applications  which  have  been  unattractive  with  conventionel  labora¬ 
tory  x-ray  sources.  Most  applications -of  soft  x-rays  fall  into  two 
nain  categories;  ehsBical  analysis  and  x-ray  Bicroscopy.  CheBical 
analysis  includes  several  specialized  soft  x-ray  spectroscopies  which 
require  x-ray  sources  of  very  high  brightness.  Laser-plasBa  x-ray 
sources  provide  peak  power  densities  on  the  order  of  10^^  watts/e^ 
and  average  power  densities  of  over  10^  watts/cB^.  They  are  the 
highest  peak  brightness  laboratory  sources  of  x-rays  in  the  0.5  to 
2  keV  range  available.  The  average  brightness  is  only  exceeded  by 
synchrotrons  which  are  not  currently  available  in  the  typical  lab¬ 
oratory.  Several  new  x-ray  spectroscopy  techniques  require  high 
brightness  x-ray  sources;  e.g..  Extended  Z-ray  Absorption  Pine 
Structure  (EXAFS)|  and  Photon  Stlnulated  Ion  Desorption  (PSID).  The 
very  high  peak  powers  available  with  laser-plasBa  x-ray  sources  also 
perBit  tiBe  dependent  spectral  analyses  of  fast  transient  events. 

The  low  energy  of  the  x-rays  are  well  suited  for  evaluations  around 
the  R  edges  of  the  low  atOBic  nuBber  elezients.  This  is  particularly 
significant  for  the  various  biological  fields  and  for  organic 
chsBistry  in  general. 

Applications  in  the  x-ray  Bicroscopy  category  generally  require 
a  high  peak  or  average  x-ray  power  depending  on  whether  transient 
events  are  involved.  However,  high  brightness  is  usually  of  second¬ 
ary  iaportance.  Exaaples  of  inaging  applications  aret  x-ray  nicro- 
lithograph  of  integrated  circuits,  selective  inagiog,'  near  contact 
Blcroradiography,  grazing  incidence  reflection  Bicroscopy,  and  x-ray 
fluorescence  lawging.  The  applications  require  soft  x-rays,  which 
can  be  produced  by  laser  plassw  sources. 

The  plasBas  aost  effective  for  the  type  of  x-ray  production  of 
interest  in  this  paper  consist  of  high  Z  Bsterials  raised  to  the 
1  kilovolt  regine  in  teaperature  and  optiaized  for  the  eaission  of 
L  lines  and  continuua  radiation.  Typical  conversion  efficiencies  of 
laser  light  to  x-rays  in  the  1-2  keV  range  are  over  10  percent.  The 
absorption,  ionization,  hydrodynaaics ,  and  radiation  process  in  high 
Z  plasBSS  are  coaplex.  In  view  of  this  coaplexity,  it  will  be  valu¬ 
able  to  discuss  the  basic  phenoaenology  when  an  intense  laser  beaa 
strikes  a  high  Z  plasaa  target.  For  the  sake  of  definiteness,  a 
power  density  of  ‘v  10^^  w/ca^  is  assuaed.  This  also  avoids  aost  of 
the  probleas  of  nonlinear  interactions  associated  with  higher  power 
densities. 


MACROSCOPIC  DESCRIPTION 

In  this  section  the  absorption  and  radiation  processes  are 
characterized  qualitatively. ^  The  first  consideration  is  to  ensure 
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that  an  appreciable  fraction  of  the  laaer  light  ia  abaorbad  in  the 
plaana  and  not  reflected  away.  When  the  laaer  frequency  wi.  ia  leaa 
than  the  plaaoa  frequency  <iip  ■  (4nn(c2/M)^  of  the  target  plaaaM, 
the  incident  light  ia  reflected.  For  the  1.06  ua  radiatioaa  from 
Nd  glaaa  or  YA6  the  critical  electron  dcnaity  ia  10^^  ea*3,  ao  to 
avoid  rcflectiona  laaer  light  auat  be  abaorbed  in  the  plaaaa  region 
for  which  n,  <  10^^  cn’^.  Thia  deacription  of  light  reflection  ia 
aimpliatie  and  not  alwaya  true,  but  it  providea  a  uaeful  atarting 
point  for  a  qualitative  deacription. 

The  aecond  conaideration  ia  the  abaorption  of  the  laser  light 
in  the  underdenae  plaama.  In  order  to  enaure  a  high  converaion  effi¬ 
ciency  moat  of  the  light  auat  be  abaorbed  in  thia  region.  Thua  the 
converaion  efficiency  is  dependent  on  the  density  gradient  of  the 
plasstf  near  the  critical  density  region.  Since  the  beam  is  focused 
on  the  target  and  the  critical  density  boundary  moves  first  sway  from 
then  into  the  target,  the  effective  irradiation  area  changes  with 
time.  The  uaeful  pulse  width  ia  determined  by  the  velocity  of  the 
critical  boundary  and  the  f  number  of  the  focusing  lens. 

The  third  conaideration  is  the  x-ray  radiation  from  the  plasma. 
This  ia  predominantly  line  radiation  and  includes  a  large  number  of 
highly  excited  L  lines.  Continuum  and  plasma  bremaatrahlung  radia¬ 
tion  also  contribute  particularly  above  the  L  line  energy  band.  The 
plaama  la  essentially  transparent  to  the  x-rays  above  1/2  keV. 
Althouglf  the  abaoiption  of  laser  light  occurs  near  the  critical  den¬ 
sity  boundary,  the  high  plaama  thermal  conductivity  causes  a  large 
heat  flow  into  the  overdenae  plaama  region  and  au>at  of  the  radiation 
comes  from  the  over-dense  plaama. 


MICROSCOPIC  DESCRIPTION 

We  are  now  in  a  position  to  characterise  the  microscopic  nature 
of  the  plasma.  The  overriding  feature  in  this  realm  ia  that  the 
plaama  particles  are  not  in  local  thermodynamic  equilibrium  (LTE). 
One  nanosecond  ia  long  enough  for  the  electrons  to  equilibrate  among 
themselves  by  coulomb  collisions  and  be  characterised  by  an  electron 
kinetic  temperature,  T,.  Similarly,  there  ia  enough  time  for  the 
ions  to  equilibrate  among  themselves  at  an  ion  kinetic  temperature, 
T^.  But  there  is  generally  insufficient  time  for  T,  and  T^  to 
become  equal.  What  usually  happens  ia  that  the  incident  laaer  light 
la  ahsorhed  by  the  electrons,  which  rise  in  temperature  relatively 
rapidly  ^ile  slowly  heating  the  Iona  by  electron-ion  collision. 


The  Saha  Equations^  definitely  break  down  for  the  plasma  of 
interest  here,  and  the  ion  distribution  is  out  of  equilibrium.^ 

The  relative  ion  populations  are  determined  by  the  competitive 
balance  between  colllaional  ionisation  and  two-body  radiative  re¬ 
combination,  in  which  a  free  electron  recombines  with  an  ion  and  the 
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•xces*  energy  end  momentua  ere  cerried  off  by  e  photon.  These  pro¬ 
cesses  ere  not  steclstleel  inverses  of  one  enocheri  the  ionlzetion 
process  is  purely  collisionel,  wherees  the  recoabinetion -process 
involved  e  photon. 

Although  the  Sehe  equations  do  not  spply,  the  ion  distribution 
is  often  still  in  e  quesi-steedy,  though  nonequilibriuat  stete.  The 
ionization  equations  in  this  case  are  tractable  as  those  for  equili- 
briua,  the  aain  difference  being  that  the  Saha  Equations  are  replaced 
by  another  set  of  quasi-steady  equations,  generally  known  as  “Coronal 
Equilibriua"  equations. 

Unfortunately,  in  a  laser  heated  plasma,  quasi-steady  conditions 
do  not  always  prevail.  This  may  be  established  by  a  rule  of  thumb 
given  by  MeVhirter^i  this  rule  states  that  quasi-steady  conditions 
break  down  if  the  characteristic  time  for  hydrodjmaaic  expansion  or 
contraction,  T||,  satisfies  the  relation  T)|  ^  10^^/n^.  If  this  con¬ 
dition  is  satisfied,  the  plasma  is  in  an  extremely  nonequi librium 
state.  To  specify  the  instantaneous  ionization  state,  it  is  neces¬ 
sary  to  know  no^  only  the  local  free  electron  conditions,  but  their 
entire  past  history  as  well!  The  only  recourse  in  sneh  a  situation 
is  to  solve  rate  equations  which  include  the  principal  microscopic 
processes  that  contribute  to  the  ionization  rate,  and  calculate  the 
time  development  of  the  plassM  from  an  initial  state. 

The  ionization  of  a  multikilovolt  laser  generated  plasma 
requires  the  time  dependent  treatment.  In  the  underdense  plasma 
"skin",  where  n,  <  10^^,  the  full  time  dependent  treatment  is  re¬ 
quired,  although  in  the  overdense  “core"  (which  can  be  heated  by 
shocks  and  thermal  conduction),  a  quasi-steady  treatment  is  gen¬ 
erally  valid. 


ENERGY  SCALING 

For  the  high-average  power  applications,  it  is  advantageous  to 
use  a  low-pulse-energy,  high-repetition-rate  laser.  The  high  con¬ 
version  rates  of  laser  energy  to  x-rays  (up  to  271  over  300  eV)  at 
Battelle  have  been  achieved  in  the  near  steady-state  coronal  plasma 
radiation  regime  with  carefully  preconditioned  plasma  profiles.  The 
critical  plasma  density,  where  the  principal  absorption  occurs  is 
°c  ”  ^^21’  Using  the  rule  of  thumb  for  the  steady  state, 

■^h  >  10^^/n,  radiation  times  greater  than  1  ns  can  ha  reasonably 
assumed  to  be  steady  state.  Actually  a  large  fraction  of  the 
absorbed  energy  is  conducted  to,  and  radiated  from,  regions  of 
greater  density  than  10^^,  so  somewhat  shorter  irradiation  times 
can  still  be  considered  likely  to  be  described  by  a  steady  state 
radiation  model.  This  is  an  important  factor  if  we  are  to  assume, 
for  sealing  purposes,  that  the  radiated  x-ray  spectrum  depends  only 


on  the  power  density  end  electron  density  gradient  et  the  critical- 
density  surface.  Zf  quasi-steady  state  conditions  have  not  been 
achieved,  the  spectrum  will  depend  on  .previous  irradiation  history. 


For  typical  conditions  the  copper  plasma  will  have  a  critical 
surface  velocity,  v  •  3  x  10^  cm/sec.  The  optimum  f  number  for  the 
lens  is  given  by  f^p^  ■  (vr)^  (DgA)"^  where  t  is-  the  pulse  with 
is  the  beam  diameter  and  A  is  the  beam  diversence.  With  the  optimum 
lens,  a  general  scaling  criterion  for  laser  power  Pj^  is  Pj,  • 

10^^  vDgAT.  Recent  conversion  efficiency  studies  of  laser  light  to 
x-rays  of  the  desired  energy  have  shown  that  0.2  nsec  pulses  of 
several  hundred  mj  are  efficient  x-ray  producers  (Figure  1).  To 


convert  efficient  single  pulse 
x-ray  production  to  high  average 
power,  it  is  necessary  to  have  a 
high  repetition  rate  laser  and  a 
continuously  changing  target.  A 
mod'asIoekcd'.TAe'  laser  -which  pro- 
duccsTtO?pps~ac>a  pulse 'enprgy  of 
300  mj  and  a  pulse  width  of  200  ps 
is  available  from  Quantel.  A 
simple  target  arrangement,  which 
provides  a  continuous  change  of 
surface,  is  a  cylinder  advanced 
on  a  helical  drive.  Since  each 
laser  pulse  destroys  only  about 
10'^  cm^  of  target  area,  a 
cylinder  with  100  cm^  surface  area 
will  give  a  million  x-ray  pulses. 
Changing  cylinders  would  be  easy 
because  the  vacuum  requirements 
are  modest. 


^  CONVtRMON  EVf^teiCNCY  OF  LASSR  UOHT 
TO  X.«*V(  ASOVt  INDICATED  ENENOT 


Fig.  1  Conversion  Efficiency 

of  Imser  Light  to  X-rays 
above  Indicated  Energy 


WAVELENGTH  SCALING 

Wavelength  scaling  is  much  more  complex  than  energy  scaling 
and  is  quite  different  than  the  scaling  conditions  derived  for 
fusion  experiments.  This  section  will  be  limited  to  a  qualitative 
discussion  of  the  factors  influencing  wavelength  scaling  of  tem¬ 
perature  and  conversion  efficiency.  It  is  not  reasonable  to  discuss 
wavelength  scaling  for  a  target  of  fixed  atomic  number  because  Z 
should  be  optimised  for  any  set  of  wavelength  and  power  densities. 

We  will  continue  to  limit  the  discussion  to  an  incident  laser  power 
density  of  'v  10^^  W/cm^.  If  we  look  at  x-tay  conversion  efficiency 
above  1  keV  as  a  function  of  Z  for  1.06  urn  laser  light  (Figure  2) 
we  see  a  peak  with  a  maximum  at  Cu  (Z*29).  For  targets  with  Z  below 
the  peak  the  L  shell  is  too  fully  ionized  to  be  an  efficient  L  line 
emitter,  and  for  targets  with  Z  above  the  peak  the  L  lines  are  not 


efficiently  excited.  The  conversion  efficiency  for  •  low  Z  plahma 
can  be  improved  by  decreasing  the  power  density  as  is  evident  from 
a  comparison  of  the  calculated  x-ray  emission  for  calcium  (Z  ■  20) 
at  10^^  and  10^^  watts/cm^  in  Table 
The  total  conversion  efficiency  has 
increased  from  6  to  20  percent  with 
this  factor  of  ten  decrease  in  power 
density.  However,  the  average 
energy  of  the  emitted  x-rays  also 
has  decreased  substantially.  A 
decrease  in  the  wavelength  of  the 
incident  laser  light  would  have  a 
similar  effect.  The  shorter 
wavelength  laser  light  is  ab¬ 
sorbed  in  a  higher  density 
plasma.  The  plasma  tempera¬ 
ture  will  be  lower  because  of 
the  higher  heat  capacity  and 
radiation  rate  of  the  dense 
plasma.  The  decrease  in  the 
thermal  conductivity  limits 
the  heat  flow  into,  the  overdense 
plasma  and  partially  counteracts  the  effect  of  decreasing  the  wave¬ 
length.  The  degree  of  ionization  in  a  coronal  plaama  is  strongly 
dependent  on  temperature,  so  the  over  ionization  of  the  L  shell 
will  tend  to  be  corrected.  On  the  other  hand,  if  the  Z  of  the  target 
is  higher  than  the  peak,  the  opposite  will  be  true.  Increasing  the 
wavelength  will  decrease  the  critical  plasu  density  and  increase 
the  plasma  temperature.  This  will  usually  increase  the  L  line 
radiation.  These  qualitative  arguments  become  more  tenuous  when 
the  time  dependent  effects  during  the  pulse  are  considered.  The 
ionization  lags  the  temperature  so  that  x-ray  emissions  during  the 
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Fig.  2.  Conversion  Efficiency 
of  Laser  Light  to  Z- 
rays  above  1  keV  Versus 
Atomic  Number 


early  part  of  the  pulse  tend  to  come  from  lover  ionization  states. 


For  very  long  wavelengths  the  critical  density  is  so  low 
electron-ion  collision  frequencies  will  be  small  compared  to  the 
laser  frequency  permitting  the  electrons  to  attain  high  energies 
from  the  oscillating  two  stream  instability.  Very  little  absorbed 
energy  will  be  emitted  as  soft  x-rays.  For  example.  CO2  lasers 
with  10.6  urn  wavelength  are  a  poor  choice  for  soft  x-ray  generation. 


CHEMICAL  STRUCTUSE  APPLICATIONS 

In  recent  years,  synchrotron  x-ray  radiation  research  has 
evolved  to  provide  the  foundations  of  a  variety  of  new  x-ray  spec- 
trocopy  techniques  for  chemical  analysis.  Among  these  techniques 
are  EXAFS,  ESCA,.and  PSIO.  All  of  these  applications  require  very 
high  brightness,  soft  x-ray  sources.  Table  2  shows  a  comparison  of 
the  brightness  of  synchrotron,  laser  plasma  x-ray,  and  conventional 
x-ray  sources.  The  laser  plasma  x-ray  source  is  slightly  lower  chan 

TABLE  2.  COMPARISON  OF  BRIGHTNESS  OF  VARIOUS  X-RAT  SOURCES 


Source 

Brightness  (at  keV) 

Photons /S-cm^  gterad-ev 

Doris^5) 

Synchrotron 

7  x  1020 

DEST 

2  X  IOI8 

Laser-plasma  10  pps- 
200  ns  500  mj 

10l7  average 

Continuum  from  60  kw^^) 

7  X  ID13 

x-ray  Cube  with 

10~2  spot  size 

the  DEST  but  far  above  conventional  sources.  Since  the  laser 
facility  is  much  smaller  and  less  expensive  chan  a  synchrotron, 
laser  plasma  x-rays  could  make  the  x-ray  techniques  that  we  cur¬ 
rently  employed  only  at  synchrotron  facilities  accessible  to  a 
large  number  of  laboratories  which  might  not  wish  or  be  able  to 
use  the  synchrotron^. 


EXAFS 

EXAFS  is  a  technique  for  measuring  the  spatial  arrangement  of 
Che  atoms  surrounding  a  particular  atom  in  a  molecule  or  crystal 


lattice.  It  does  not  require  the  crystal  structure  essential  to  the 
Bost  x>ray  diffraction  methods.  In  EXAF  spectroscopy,  the  x-rsy 
absorption  coefficient  for  asterisl  is  aessured  as  a  function  of 
energy  from  the  K  or  L  edge  of  a  specific  element  In  the  tuterisl  to 
as  much  as  a  keV  above  the  edge.  Backseatter  of  these  photoelectrons 
from  atoms  in  the  immediate  vicinity  of  the  absorbing  atom  give  rise 
to  a  weak  oscillation  in  the  x>ray  absorption  spectrum  above  the 
edge.^>B>9  By  analysing  their  oscillation,  information  can  be 
obtained  about  the  spatial  arrangement  of  atoms  in  the  immediata 
vicinity  of  the  absorbing  species.  Since  long  range  order  is  not 
required,  the  EXAFS  technique  can  be  applied  to  the  study  of  liquids, 
gases,  and  amorphous  solids,  as  well  as  crystals. 

The  basic  experimental  configuration  for  EXAFS  is  shown  in 
Figure  The  x-ray  spectrum  is  dispersed  by  Bragg  reflection 

from  a  flat  crystal.  The  crystal  is  chosen  to  have  a  2d  spacing 
slightly  greater  than  the 
longest  wavelength  of  interest 
and  to  have  a  low  fluorescent 
yield  for  the  incident  x-ray 
apectrum.  A  typical  crystal  is 
RAP  (rubidium  acid  phthalate). 

The  x-ray  spectrum  can  be 
recorded  on  photographic  film  or 
on  a  spectrographic  array.  The 
system  is  so  arranged  that  the 
thin  film  sample  occupies  half 
of  the  x-ray  beaM.  The  dispersed 
x-rays  thus  form  a  double  image, 
with  the  reference  portion  of  the 
beam  striking  the  top  half  and 
the  sample  portion  striking  the 
bottom  half. 

The  mathematical  procedures 
which  transform  the  EXAFS  data 
into  information  on  the  configura¬ 
tion  of  the  atoms  in  a  molecular  or 
material  structure  are  available  . 
in  several  articles. 

Fig.  3.  Schematic  View  of  Laser- 
EXAFS  Experimental 

ECSA  and  PS ID  Configuration 

In  photoelcctron  spectroscopy  a  monocnerRctic  photon  beam 
excites  the  electrons.  An  intense  beam  of  soft  x-rays  that  can  be 
tuned  to  the  K  or  L  edges  of  the  sample  is  obtained  from  a  cryatal 
monochrometer  in  an  arrangeswnt  similar  to  the  EXAFS.  Energy 
analyses  of  the  emitted  electrons  arc  done  with  a  time-of-flight 
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spectrometer.  This  technique  can  be  applied  with  either  a  single  or 
repetitively  pulsed  laser-plasma  x-ray  source.  The  small  repeti¬ 
tively  pulsed  source  is  preferable  because  space  charge  effects  at 
the  target  are  less  severe. 

In  recent  years  ESCA  has  developed  into  a  powerful  technique  for 
the  investigation  of  the  electronic  energy  bonds  in  matter.  It  is  a 
particularly  useful  method  for  analysing  surface  films  and  surface 
contaminants. 

Electron  stimulated  desorption  (ESD)  has  been  a  recognised 
method  to  improve  the  understanding  of  fundamental  excitation  and 
energy  transfer  processes  mechanisms  at  surfaces  for  many  years. 

It  provides  detailed  information  on  specific  species,  whereas  ESCA 
reveals  only  the  general  electron  bond  structure.  The  mechanism  for 
ESD  has  been  proposed  to  consist  of  a  several  step  process.  A  core 
hole  is  created  in  a  surface  storm  by  ionizing  radiation. In  the 
subsequent  Auger  decay  process,  two  or  three  electrons  are  resMved 
from  a  surface  anion,  and  the  Coulomb  repulsion  causes  desorption 
of  a' positive  ion  or  neutral.  Since  the  ionizing  radiation  is 
arbitrary  in  this  model,  photons  can  be  substituted  for  electrons 
with  several  potential  advantages.  PSID  can  be  absorbate  specific, 
produce  higher  spectral  resolution,  and  cause  less  perturbation  by 
thermal  effects. 

The  laser-plasma  x-ray  source  is  very  well  suited  for  the  PSID 
application.  A  time  of  flight  a«ss  spectrometer  can  be  synchronized 
with  the  repetitively  pulsed  system,  and  the  high  brightness  and 
soft  x-ray  spectra  meet  the  monochrometer  and  cere  atom  excitation 
requirements. 


X-RAY  MICROSCOPY 

This  section  includes  contact  x-ray  microscopy,  x-ray  micro- 
lithography  of  integrated  circuits,  and  selective  imaging. 

Several  characteristics  of  laser-plasma  x-rays  are  particularly 
valuable  for  microscopy.  The  rapid  variation  of  photoelectric  ab¬ 
sorption  cross  section  with  atomic  number  and  with  x-ray  energy 
provides  straightforward  methods  for  analyzing  the  elements  present. 
The  x-ray  wavelengths  are  short  enough  to  keep  resolution  loss  due 
to  diffraction  and  electron  recoil^^  to  a  near  negligible  level  but 
long  enough  to  be  absorbed  with  ressonable  efficiency  in  high  res¬ 
olution  photoresists  such  as  PMMA.  The  very  vide  choice  of  line  and 
the  exponential  envelope  of  the  spectrum  offer  a  high  degree  of 
versatility.  Typical  pulse  widths  of  a  few  mono-second  or  even  tens 
of  picosecond  are  capable  of  stopping  almost  any  motion.  Peak 
emissions  of  10  or  swre  Gigawatts  of  x-rays  provide  single  pulse 
exposures  with  sufficient  photon  statistics  for  submieron  resolution. 


Finally,  the  small  source  size  offer  high  potential  resolution  in 
projection  as  well  as  near  contact  microradiography. 


Qualitative  analyses  of  thin  samples  can  obviously  be  done  most 
easily  with  a  monoenergetic  x-ray  source.  However,  the  exponential 
envelope  of  the  plassu  x-ray  source  also  can  be  handled  with  rela¬ 
tively  simple  analyses.  The  energy  density  E-  and  the  x-ray  image 
medium  is  given  by  Ep  ■  C/2lIr  expl-ox-hv/kT]  d  hv  (1)  where  a(cm*^) 
and  x(cn)  are  the  absorption  coefficient  and  thickness,  and  r  ia  the 
distance  from  source  to  film.  For  low  atomic  number  materials  which 
have  no  edges  in  the  spectral  regime  of  interest, a  is  proportional 
to  the  (hv)~3.  For  example,  o  «  5000  hv~3  for  tissue,  which  is  of 
interest  in  biological  application.^^  Quantitative  analyses  gen¬ 
erally  involve  measuring  Ep,  and  solving  for  the  change  in  ax 
caused  by  the  presence  of  a  higher  atomic  number  element  in  the 
specimen.  This  analysis  is  simplified  by  the  shape  of  the  integrand. 
The  x-rays  emitted  from  a  laser-generated  plasma  fell  off  exponen¬ 
tially  with  increasing  energy,  trhile  the  x-ray  transmissivity  of  the 
specimen  T(hv),  is  controlled  by  the  photoelectronic  cross  section 
and  falls  off  rapidly  with  decreasing  energy.  The  sensitivity 
weighted  resultant  x-rays  RCkv)  reaching  the  film  fall  in  a  very 
narrow  energy  band  (as  seen  in  Figure  4)  and  for  the  purposes  of 
most  radiographic  analyses,  can  be  treated 
as  mono-energetic  with  the  energy  band 
dependent  on  the  thickness  and  compo¬ 
sition  of  the  specimen.  (If  a  normal 
thick  emulsion  x-ray  film  is  used 
instead  of  a  photoresist,  the 
spectral  sensitivity  S(hv)  can  be 
considered  to  be  constant  for  the 
soft  laser-plasma  x-rays.)  Tbs  peak 
of  R(hv)  is  given  by  (fav)^  »  Hx  (kT).^2) 

Because  of  the  sharply  peaked  integrand 
Eq  1  can  be  evaluated  by  expanding  the 
integral  in  a  Taylor  series  about  (hv)^ 

(saddlepoint  method). 


Fig.  4 


Sensitivity 
Weighted  X-Rays 
on  Photoresist 


Ep  *  Cir-2  (kT)5/8  x  1/8  .^p  *  1/^  (kT)"3/^l  J/cm^ 


(3) 


X-RAY  LITHOGRAPHY 

It  is  now  established  thst  x-ray  lithography  is  an  effective 
means  for  replicating  sub-micrometer  line  width  pattern  in  micro- 
devices  ^8.  7h«  approach  is  similar  to  contact  x-ray  microscopy  and 

some  of  the  source  characterizations  developed  in  that  section  will 
be  used  here.  The  sMin  differences  are  the  requirement  for  somewhat 
larger  specimens  between  the  object  (mask  pattern)  and  the  recording 
medium  (photoresist)  and. the  necessity  of  precise  alignment  of  the 


luik  to  the  photoresist  for  processing  between  aultiple  exposure. 
However,  the  sMln  difference  is  not  in  the  physical  configuration, 
but  in  the  high  exposure  rate  required  in  aanufacturing  process. 
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To  a  first  approximation  the  exposure  time  is  inversely  pro* 
portional  to  the  energy  absorbed  per  unit  volume  in  the  photoresist. 
If  the  elements  in  the  photoresist  had  no  edges  in  the  wavelength 
regime  of  interest  the  specific  absorption  would  be  approximately 
proportional  to  The  optimum  x*ray  energy  will  then  depend  on 

the  thickness,  t,  and  absorption  coefficient  of  the  window  and  mask 
backing.  An  increase  in  the  specific  dose  in  the  photoresist  for  a 
fixed  x*ray  exposure  can  be  obtained  with  a  thinner  or  less  absorbing 
SMsk  and  window,  or  a  more  absorbing  photoresist.  An  alternative  is 
to  enhance  the  photoresist  with  an  additive  whose  K  edge  ia  Just 
below  the  incident  x*ray  energy^^.  It  is  also  possible  to  minimize 
the  sMsk  and  window  absorption  by  choosing  a  material  whose  K  edge 
is  Just  above  the  x*ray  energy. 


For  a  laser  plasma  x*ray  source  the  highest  conversion  effi¬ 
ciencies  of  laser  light  to  x-rays  can  be  obtained  from  excited  L 
line  radiation  and  the  continuum  Just  above  the  lines.  Approximately 
20  percent  of  the  x-rays  from  a  Cu  target  are  transmitted  through 
the  4  urn  Si  wafer  used  in  our  studies.  The  typical  effective  kT  of 
the  L  line  radiation  is  0.85  keV,  and  the  peak  expoanre  comes  at 
about  IJ!  -  1.3  keV.  It  is  also  possible  to  excite  the  helium-like 
K  lines  of  lover  atomic  number  targets  but  the  conversion  efficiency 
of  laser  light  to  x-ray  energy  is  alMSt  an  order  of  magnitude 
lower  than  for  the  L  lines.  The  conversion  efficiency  for  the 
heliua-like  R  line  of  Al,  for  example,  is  slightly  greater  than 
1  percent.  This  line  has  an  energy  of  1.6  keV  and  has  the  potential 
advantage  that  it  falls  in  the  K  edge  notch  of  Si  and  is  attenuated 
very  little  by  a  few  um  Si  smsk. 

The  relative  merits  and  pitfalls  of  a  laser-plasma  x-ray  device 
can  best  be  seen  by  comparison  with  an  x-ray  lithography  system 
based  on  an  electron  beam  x-ray  device.  The  Bell  Labs  system,  tdtich 
is  probably  the  siost  advanced  complete  unit,^^  uses  the  Pa  L-o  x-rays 
from  a  4  kv  tube^^  at  a  wavelength  of  4.4A.  The  mask  and  window  are 
made  of  thin  boron  nitride. The  x-ray  cone  is  expanded  to  the 

7.5  cm  wafer  diameter  in  a  helium  column.  The  photoresist  is  a 
fast  chlorinated  polyswr^^'^^  and  13  percent  of  the  incident  x-rays 
are  absorbed  in  a  0.5  um  layer.  The  photoresist  sensitivity  is  about 

1.5  mj/en^  allowing  a  waver  exposure  to  be  mads  in  30  seconds  at  a 
distance  of  50  cm  from  the  source. 


Assuming  that  the  exposure  of  the  photoresist  is  dependent  only  , 
on  the  x-ray  absorption  per  unit  volume,  .the  Bell  photoresist  will 
have  about  the  same  sensitivity  for  the  1.25  keV  effective  energy 
from  the  laser-plasma  source  as  for  the  2.83  keV  P^  L  x-rays.  The 
Cl  cross  section  has  clikbed  almost  back  to  almost  the  level  of  the 
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K  edge  peak  and  the  eroaa  aeetions  of  the  low  atomic  number 
components  are  an  order  of  magnitude  higher. 

The  x-ray  power  of  the  Pa  target  x-ray  machine  is  *>>0.8  watt 
compared  to  ‘v>0.3  watt  average  power  for  a  laser  plassM  source  based 
on  a  10  pulse/second,  300  mj/pulse  mode  locked  system  such  as  the 
Quantel  laser. 23 

Mlndow  losses  can  be  eliminated  with  the  laser  plasma  x-ray 
system  because  the  small  source  size  combined  with  a  modest  pressure 
requirement  (‘V'l  torr)  permit  the  beam  to  be  extracted  through  a  set 
of  differentially  pumped  orifices.  The  beam  can  be  expanded  in  a 
He  colusm  after  the  orifices.  The  windows  of  the  He  chamber  can  be 
very  thin  because  there  is  no  pressure  differential. 

The  longer  wavelength  of  the  plasma  x-ray  require  a  thinner 
mask.  The  3  um  Si  sMsk  absorbs  about  70  percent  of  the  exponential 
x-ray  spectrum  over  1  keV.  Even  if  a  3  um  boron  nitride  window  were 
substituted  the  loss  would  be  ‘^SO  percent. 

If  a  laser-plasma  x-ray  lithography  system  were  assembled  from 
the  available  components,  as  discussed,  it  would  be  about  a  factor 
of  S  slower  than  the  Bell  system  and  require  a  thinner  mask.  On  the 
other  hand  it  would  have  several  advantages.  First,  the  sauller 
source  size,  less  than  50  um  costpared  to  3  mm,  allows  smaller  ulti¬ 
mate  resolution  and  potentially  permits  a  decrease  in  the  source  to 
wafer  distance.  Second,  the  lower  energy  x-rays  give  better  photon 
statistics  for  the  same  incident  x-ray  fluence.  (The  1.5  mj/cm^ 
fluence  is  very  near  the  statistical  limit  for  0.1  ua  resolution.) 
Third,  the  contrast  available  with  the  plasma  x-ray  is  much  better. 

In  the  conventional  system  cbntlnuum  x-rays  with  energies  up  to  25  keV 
represent  more  x-ray  energy  than  the  characteristic  x-rays.  These 
can  penetrate  the  gold  easily  but  are  not  efficiently  absorbed  in 
the  photoresist.  ^Fourth,  the  assumed  photoresist  was  specifically 
optimized  for  4.4A  x-rays.  It  is  possible  that  a  photoresist  opti¬ 
mized  in  the  same  way  for  1.2-1. 3  keV  x-rays  might  have  a  greater 
sensitivity.  Fifth,  it  is  relatively  easy  to  put  the  laser  system 
outside  of  the  clean  room  and  bring  the  laser  beam  in  through  a 
window,  thus  saving  clean  room  space.  Sixth,  it  is  likely  that  much 
higher  average  power  lasers  will  be  available  in  the  near  future. 

This  will  permit  a  decrease  in  the  exposure  times. 

A  typical  laser-plassw  test  exposure  is  shown  in  Figure  5. 


SELECTIVE  IMAGING 

The  basic  technique  of  selective  imaging  is  a  differential 
x-ray.  absorption  in  which  the  specisMn  is  first  photographed  with 


an  x-ray  line  whose  wavelength  is 
slightly  greater  or  smaller  than 
an  x-ray  absorption  edge  the 
to  be  imaged.  The  pro- 
then  an 

x-ray  line  on  the  immediate 

the  same  edge 
The  two  photo- 
then  to  a 

subtraction  the 

whose  edge  the  two  lines 

into  sharp  relief. 

All  other  elements  vanish  from  the 

picture  since  they  absorb  the  two  Figure  5.  Typical  Lithographic 
lines  at  essentially  the  same  Pattern  Made  with 

rate.  The  moat  precise  sub-  Laser-Produced  X-Rays 

traction  is  performed  by  digi-  (400X) 

tizing  the  two  photographs*  con¬ 
verting  film  optical  densities  to 
x-ray  intensity  and  subtracting 

with  a  computer  then  converting  the  digital  image  back  to  pictoral 
form.  However,  in  its  simplest  conception,  the  subtraction  can  be 
performed  optically  by  making  a  "positive"  transparency  of  one  photo 
graph,  a  "negative"  transparency  of  the  other,  and  pressing  the  two 
together  and  viewing  by  eye^  The  latter  technique  works  only  with 
positive  and  negative  films  of  carefully  matched  characteristics 
and  over  a  limited  exposure  range. 
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Figure  6.  Relation  of  X-Ray  Lines  to  Absorp¬ 
tion  Edge  in  Selective  Imaging 
Technique  Described  in  Text 


The  method  employed  in  producing  the  initial  photograph!  with 
monochromatic  x-rayi  is  contact  microradiography,  which  was  dis> 
cussed  in  the  previous  sections.  A  large  choice  of  x'ray  lines 
are  available  for  the  various  possible  target  plasmas.  Intense 
K  lines  can  be  obtained  from  targets  with  atomic  nuaibers  up  to 
about  20.  A  number  of  L  lines  can  also  be  isolated  by  filtering  a 
target  with  Z  between  20  and  '^0.  Weaker  L  lines  can  be  selected 
by  Bragg  reflection  from  a  curved  crystal.  Also  energy  bands  of 
x-rays  (as  shown  in  Figure  4)  can  be  moved  above  and  below  an  edge 
by  varying  filter  thickness. 


COKCLUSION 

The  laser-plasma  x-ray  source  provides  a  cosibination  of 
spectrum,  mask  brightness,  and  average  brightness  not  previously 
available  for  normal  laboratory  use.  It  promises  to  provide  a 
"poor  man's  synchrotron"  capability  in  a  vide  variety  of  x-ray 
spectroscopy  and  microradiography  applications.  Further  advances 
in  high-average  power,  high  brightness  lasers  will  provide  major 
Impetus  to  this  field. 
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Abstract 

The  laser-plasma  X-ray  source  has  been -evaluated  for  submicrometer  X-ray  lithography 
exposure  machines.  X-ray  lithography  systems  based  on  commercially  available  lasers  of 
reasonable  cost  appear  to  be  feasible.  Such  machines  would  make  full  wafer  exposures  of 
silicon  slices  with  a  throughput  consistent  with  current  awnufacturing  requirements. 

Introduction 

X-ray  lithography  is  an  extension  of  the  near  contact  optical  printing  technique  to  the 
soft  (0.25  to  3.0  keV)  X-ray  regime.  The  technology  has  advanced  to  the  point  «diere 
1  micrometer  linewidth  patterns  can  be  produced  with  a  throughput  of  40  to  60  wafer  levels 
per  hour,  exposing  75  mm  wafers.  An  X-ray  exposure  madtine  that  will  aeceeiplish  this  was 
developed  at  Bell  laboratories,  and  uses  a  4  kilowatt  conventional  electron  beam  X-ray  with 
a  stationary  anode.! 

Although  electron  beam  X-ray  sources  promise  to  be  satisfactory  for  the  first  generation 
of  machines,  future  development  will  depend  heavily  on  the  exploitation  of  non-conventional 
X-ray  sources  such  as  pulsed  plasmas  and  synchrotrons.  This  is  because  the  caesaercial 
production  of  linewidth  patterns  significantly  smaller  than  1  sderoewter  requires  ceshi- 
nations  of  softer  X-rays,  smaller  source  diameter,  and  higher  time-average  x-ray  power  and 
brightness  that  are  difficult  to  achieve  with  electron  beam  X-ray  sources. 

This  paper  discusses  the  results  of  an  optimization  study  performed  to  determine  the 
design  parameters  of  a  laser  plassia  X-ray  source  for  submicrometer  X-ray  lithography.  It 
appears  that  X-ray  lithography  exposure  machines  based  on  cosanercially  available  lasers  of 
reasonable  cost  are  feasible.  Such  machines  could  make  full  wafer  exposures  of  75  mm 
standard  silicon  slices  with  a  throughput  in  excess  of  60  wafer/levels  per  hour,  with  a 
moderate  amount  of  development,  a  smeh  higher  throughput  could  be  achieved.  With  a  laser 
plaszM  X-ray  source,  problems  plaguing  submicrometer  X-ray  lithography  such  as  too  large  a 
source  diameter  and  penumbra  width ,  too  lew  a  source  power  or  brightness ,  too  hard  an  X-ray 
spectrum,  as  well  as  difficulties  in  bringing  X-rays  out  of  the  vacuum  (dtamber  into  air, 
can  all  be  elisdnated  or  substantially  reduced. 

Basic  experimental  conditions 

The  basic  experistental  configuration  used  in  generating  X-rays  for  the  lithography 
application  is  shown  in  the  simplified  sketch  given  in  Figure  1.  Typically,  1.06  sdero- 
meter  wavelength  neodyndum  laser  pulses  with  energies  ranging  from  .2  to  150  joules  and 

pulsewidths  ranging  from  0.2  to  5  nanoseconds 
are  focused  onto  a  copper  target  to  spot 
sizes  ranging  from  40  to  150  micrometers, 
^proximate ly  25  percent  of  the  incident 
laser  light  is  converted  into  X-rays  in  the 
0.3  to  several  KeV  regime,  ^proximately 
10  of  the  25  percent  lies  between  1  and  2 
keV. 

The  target  is  a  relatively  large  cylinder 
that  advances  on  a  helical  drive  to  present 
a  fresh,  nearly  flat,  surface  area  to 
successive  laser  pulses.  Since  each  laser 
destroys  only  about  10~*  em2  of  target  area, 
a  cylinder  with  100  cm*  of  surface  area  will 
give  about  a  million  X-ray  pulses. 

A  mask/wafer  assesbly  is  placed  10  to 
50  cm  from  the  source.  The  X-ray  outputs 
which  are  cited  refer  to  X-rays  radiated  into 
the  2r.  steradians  facing  the  maakAfsfer 
assesbly. 


Fig.  1.  Basic  experiamntal  con* 
figuration 


ta»er/t«rq«t  int«ractlon  and  X-ray  «p«etnMn 


The  physical  mechanism  that  converts  the  laser  light  into  X-rays  is  of  interest. 

Briefly,  a  specially  tailored  leading  edge  of  the  focused  laser  pulse  vaporizes  and  ionises 
the  surface  of  the  target  and  createa  a  low  temperature  plasma.  The  plasma  that  is 
created  absorbs  the  remainder  of  the  laaer  pulse  by  the  inverse  bremsshrahlung  absorption 
process  and  is  heated  to  a  temperature  of  approximately  1  keV  (1.2  x  10'  ^’X) .  X-rays  are 
produced  in  this  high  temperature  plasma  by  bremsstrahlung ,  recombination  radiation,  and 
line  radiation,  all  of  which  originate  from  electron-ion  collisions. 

More  specifically,  the  X-ray  outputs  cited  in  the  previous  section  were  obtained  with 
neodymium  laser  light  incident  on  a  copper  target  at  an  intensity  of  approximately  10^^ 
watts/cm^.  The  X-ray  spectrum  generated  with  a  copper  target  has  a  large  number  of  intense 
spectral  lines  in  a  spectral  band  centered  at  approximately  1.2  keV  (Figure  2) .  These 
lines  ue  e^tted  from  a  plasma  layer  of  electron  tesperature  T**«.  1  kevand  electron  density 
cm~3  located  near  the  leading  edge  of  a  thermal  diffusion  front  that  advances 
through  the  low  temperature  plasma  during  the  lifetime  of  the  laser  pulse.  The  spectral 
lines  are  L-lines  emitted  from  highly  ionized  species  of  copper. 


Figure  2.  Densitometer  tracing  of  bent  Figure  3.  Dependence  of  X-ray  conversion 

crystal  spectrograph  of  x-ray  produced  efficiency  above  1  keV  on  atomic  number  for 

from  copper  target  with  neodymium  laser  1,06  vm,  10***  W/cm*. 

pulse. 

Copper  is  a  good  choice  of  target.  Indeed,  Figure  3,  tdiieh  plots  conversion  efficiency 
versus  atomic  number  Z,  shows  copper  (z  *  29)  to  be  the  optimim  element  for  converting 
neodymium  laser  light  into  X-rays  above  kv  *  1  keV,  assuming  an  incident  intensity  of 
lO-**  watts/cm*. 

To  understand  the  reason  for  the  peak,  it  is  helpful  to  realize  that  the  D-lines  are 
mostly  caused  by  inelastic  collisions  between  free  electrons  and  ground  state  ions.  The 
collisions  excite  bound  electrons  from  the  1,-shell  to  the  M-shell,  and  the  X-rays  are 
produced  by  the  spontaneous  radiative  decay  of  M-shell  electrons  back  to  the  Z,-shell. 
Targets  with  Z  above  the  copper  peak  have  energy  gaps  between  the  various  I,  and  H  subshells 
that  arc  too  wide  to  be  efficiently  excited.  Targets  with  Z  below  the  peak  have  the 
problem  that  the  various  energy  gaps  between  L  and  M  subshells  increasingly  fall  below 
1  keV  as  Z  decreases.  In  addition,  the  L-shell  population  decreases. 

Laser  Parameters 

As  noted  earlier,  the  1.06  vm  wavelength  of  neodymium  lasers  can  be  converted  into  X-ray 
between  1  and  2  keV  with  an  efficiency  of  '^lO  percent.  Zn  addition,  a  great  variety  of 
neodymium-glass  and  neodymium  -TAG  lasers  capable  of  doing  this  are  available  in  the 
attractive  $25,000  to  $150,000  range,  with  this  motivation,  %«e  will  give  first  considera¬ 
tion  to  the  1.06  um  wavelength,  at  least  to  the  point  of  seeing  tdiere  it  leads. 

At  a  wavelength  of  1.06  vm  the  preferred  incident  tarect  intensity  is  ^>10'**  watts/cm^. 
Intensities  much  less  than  10^**  do  not  give  good  conversion  efficiencies  above 
1  kcV.  Intensities  much  greater  than  lO’**  lead  to  complications  worth  avoiding. 

Me  now  consider  laser  power  Ft,,  laser  pulse  energy  E,  and  laser  pulsewidth  t.  Calcula¬ 
tions  and  experiments  have  established  that  the  following  relation  must  be  satisfied  to 
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obtain  the  good  eonveriion  cfficieneiest 

constant  xE*/'3  ,  (D 

where  the  constant  depends  on  target  material  and  lens  focal  rabio.  Tbis  formula  has  been 
verified  for  a  large  number  of  laser  pulses  ranging  from  .02  joules  in  .2  nanoseconds  to 
150  joules  in  5  nanoseconds,  incident  on  copper  at  10^**  watts/cm^.  The  intuitive 
reasonableness  of  the  formula  can  be  appreciated  by  realizing  that  the  focal  spot  diameter 
d  to  which  a  laser  pulse  must  be  focused  to  achieve  an  intensity  of  lO^**  watts/cm^  is 
proportional  to  and  that  for  experiments  using  the  same  target  material  and  lens 

focal  length,  the  plasma  will  expand  to  an  unacceptable  extent  with  respect  to  the  incoming 
cone  of  laser  light  in  a  characteristic  hydrodynamic  expansion  time  t/,  a  d  a  Pt  or  ti,  • 
const  X  The  last  formula  is  equivalent  to  Equation  (1). 

One  might  wonder  at  this  point  why  it  is  possible  for  the  same  conversion  efficiency 
and  spectrum  to  span  a  range  of  pulsewidths  lyinq  on  both  sides  of  t  ■  10~^  seconds?  The 
conceptual  difficulty  is  that  the  plasma  radiates  most  of  the  X-rays  at  an  electron  density 
n^  10^^  cm~^,  so  that  the  characteristic  time  reouired  for  the  radiating  ions  to  strip 
down  to  a  quasisteady  degree  of  ionization  is  approximately  10 >  2/ncvl0~ ^seconds.  ^  The 
explanation  is  that  only  a  thin  layer  of  matter  in  the  overall  plasma  is  radiating  the 
interesting  X-rays  at  any  given  time  during  the  laser  pulse,  and  the  time  it  spends 
radiating  is  a  very  small  fraction  of  a  nanosecond  long— smaller  than  any  of  the  laser 
pulsewidths  %diieh  have  been  considered.  The  phenomenological  description  of  the  layers 
that  successively  radiate  the  X-rays  is  the  same  for  pulsewidths  down  to  about  .1  nanosecom 
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We  are  now  in  a  position  to  select  a  candidate  laser.  What  is  needed  is  a  cceibination 
of  pulse  energy  and  repetition  rate  that  gives  high  time-average-power  (pulse  energy  times 
repetition  rate)  at  reasonable  cost.  The  choice  is  basically  between  two  types  of  high- 
average-power  lasers  that  satisfy  (1).  One  type  is  a  subnanosecond,  mode- locked,  neo- 
dymium-YAG  laser  that  delivers  pulses  smaller  than  one  joule  at  a  high  repetition  rate. 

The  other  is  a  multinanosecond,  multi  joule,  neodymium-glass  laser  with  a  much  lower 
repetition  rate.  Neodymium-YAG  has  the  advantage  of  delivering  a  given  time— average— power 
several  times  more  inexpensively  than  neodymium-glass.  Neodymium-glass,  on  the  other  hand, 
can  give  a  much  higher  time-average-potrer  if  needed. 

It  is  not  clear  at  the  present  time  what  type  of  laser  will  ultimately  prove  most 
suitable.  For  the  purposes  of  this  paper  we  select  YAG  to  see  what  can  be  done  at 
relatively  low  cost.  YAG  rods  are  limited  to  a  diameter  of  approximately  1  cm  or  less  for 
commercial  systems,  which  implies  an  energy  limit  of  about  1/2  joule  per  pulse  if  long  rod 
life  is  required. 

A  YAG  laser  is  available  from  Quantel  that  delivers  0.3  joule,  0.2  ns  pulses  at  a  rate 
of  10  pps,  or  an  average  laser  power  of  3  watts.  At  the  10  percent  conversion  efficiecy 
cited  above,  such  a  laser  would  yield  0.3  watts  of  X-ray  power.  Xn  the  next  section  %fe 
will  see  what  might  be  achieved  with  such  a  source. 

Geometrical  Configuration  and  Exposure  Tj»e 

The  laser  plasma  X-ray  source  offers  many  advantages  in  exposure  geometry  and  exposure 
time. 


The  small  source  diameter  allows  the  mask/wafer  assembly  to  be  located  much  closer  to 
the  source  than  the  50  cm  distance  frequently  employed  with  electron  beam  x-ray  machines. 

It  also  solves  the  troublesome  problem  of  designing  an  X-ray  window  to  bring  the  soft  X-rays 
into  a  helium  expansion  chamber.  Figure  4  shows  a  laser  plasma  X-ray  soxirce  located  15  cm 
from  the  mask/wafer  assembly,  with  the  X-rays  directed  out  of  the  vacuum  chamber  through 
differentially  pumped  orifices.  The  first  hole  has  a  diameter  of  ^>1  ssn  and  is  located  less 
than  2  non  from  the  source,  so  that  all  of  the  X-rays  directed  at  the  mask  will  pass  through 
the  hole. 


The  small  source  diameter  eliminates  the  penumbra  problem.  The  penumbra  width  t  at  the 
surface  of  the  wafer  is  given  by  «  where  C  is  the  mask-to-wafer  distance,  L  is  the 

source-to-mask  distance,  and  d  is  the^source  diameter.  For  definiteness,  let  us  assume  a 
mask-to-wafer  distance  of  f  ■  40  um.  Since  d  40  um  for  the  0.3  watt  X-ray  source,  and 
L  ■  15  cm,  6  .01  vm.  Linewidth  unsharpness  due  to  penumbra  is  therefore  not  a  problem 

for  linewidths  down  to  0.1  vm. 

Another  advantage  of  the  laser  X-ray  source  is  that  the  soft  X-ray  spectrum  permits  a 
thin  layer  of  absorber  to  be  used  on  the  mask  substrate,  while  still  maintaining  good 
contrast  ratio.  This  reduces  the  aspect  ratio  of  the  absorber  pattern  on  the  mask  and 
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decreases  the  expertise  required  in  mask  fabrication.  The  thinner  absorber  layer  also 
permits  a  smaller  source-to-wafer  distance  before  the  unsharpness  due  to  X-rays  striking 
the  finite-thickness  absorber  pattern  at  a  slant  angle  becomes  a  problem.  For  absorber 
thicknesses  ranging  between  0.1  and  0.5  um,  the  unsharpness  at  the  edge  of  the  wafer  due 
to  this  effect  ranges  from  0.2  to  0.1  tim  in  the  geometry  shown  in  Figure  4,  which  is 
acceptable . 

The  exposure  times  that  can  be  achieved  with  a  laser  plasma  X-ray  source  are  highly 
attractive.  At  a  distance  of  15  cm,  the  X-ray  fluence  delivered  to  the  surface  of  the 
mask  in  60  seconds  by  the  0.3  watt  X-ray  source  is  60  x  0.3/2t  x  15^  >  .0127  joules/cm^, 
or  approximately  13  milli joules/cm^.  Approximately  30  percent  of  this  energy  (about 
4  milli joules)  will  be  transmitted  through  a  3  urn  thick  silicon  mask  substrate  and  strike 
the  photoresist  coated  wafer.  This  is  more  than  adequate  to  expose  a  number  of  high- 
sensitivity  resists  currently  under  development.  Indeed,  resists  with  a  sensitivity  of 
1.5  milli joules/cm^  have  been  reported.  *  Such  a  sensitivity  %fould  yield  an  exposure 
time  of  20  to  25  seconds  in  the  present  application. 

It  should  be  mentioned  that  at  a  distance  of  15  cm,  the  X-ray  intensity  varies  by  about 
6  percent  from  the  center  to  the  edge  of  the  wafer.  This  is  partly  because  the  edge  is 
more  distant  from  the  source,  and  partly  because  the  X-rays  striking  the  edge  have  a 
longer  path  length  through  the  mask  substrate.  It  is  possible  that  the  6  percent  non¬ 
uniformity  is  acceptable.  If  not,  the  nonuniformity  can  be  corrected  by  introducing  an 
X-ray  pellicle  that  varies  in  absorption  from  center  to  edge. 

Future  Development 

The  future  development  of  laser  plasma  X-ray  sources  for  lithography  depends  on  the 
degree  that  the  spacing  between  mask  and  wafer  can  be  controlled.  A  variation  of  w 
micrometers  in  spacing  will  introduce  an  error  of  w  tan  e  'u  1/4,  and  the  spacing  needs 
to  be  controlled  to  better  than  1/2  microneter. 

If  the  spacing  between  mask  and  wafer  can  be  properly  controlled,  the  source-to-mask 
distance  can  be  less  than  the  15  cm  discussed  earlier.  In  this  case,  a  0.3  watt  laser 
plasma  X-ray  source  would  give  good  exposure  times  even  with  high  resolution  resists  of 
relatively  low  sensitivity. 

On  the  other  hand,  if  the  spacing  between  mask  and  wafer  cannot  be  well  controlled, 
the  source-to-mask  distance  would  have  to  be  greater  than  15  cm.  In  that  ease,  1  to  2 
watts  of  X-ray  power  would  be  desirable.  This  could  be  achieved,  with  some  development, 
with  a  neodymium-YAG  or  neodymium-glass  laser  with  a  time-average  laser  power  of  10  to 
20  watts.  It  might  also  be  achieved  with  one  or  another  of  a  large  variety  of  advanced 
lasers  with  wavelengths  within  a  factor  of  two  or  so  of  the  neodymium  wavelength. 


In  any  event,  the  laser  plasma  X-ray  source  should  be  considered  as 
for  submicromete  X-ray  lithography. 
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Figure  4.  Experimental  configuration  with 
differentially  pumped  orifices. 
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the  EXAFS  techniqua.  the  x-rey  ebtorption  coettt- 
eient  o( «  meiariel  it  mcMurad  M  a  tunclion  of  en¬ 
ergy  above  a  K  or  L  edge.  ThafinaiIncluraIntN* 
spectrum  yields  Mormation  on  the  distances  ol 
ne<^*erlng  atoma.  A  vwy  htanao,  hlgb-britf*iass 
x-ray  source  Is  required  tor  practical  EXAFS.  The 
energy  range  correspondinp  to  K  or  I  adgasol  atoms 
with  atomic  numbers  up  to  40  is  Vj  to  3  keV.  This 
energy  range  is  well  suited  to  lasar-plaama  x-ray 
sources.’-’ 

Well  resolved  EXAFS  spectra  ol  A  and  Mg  have 
been  obtained  with  single  pulsas  from  a  100%!  Nd: 
glass  laser  with  a  pulse  wWlh  ot  1.5  nsec  locusad 
to  a  spot  size  ol  150  pm.  The  experimental  con¬ 
figuration  is  shown  in  Fig.  1.  Transient  siructive 
studies  diaing  phase  changes  have  baan  made  wMh 
this  technique. 

It  has  more  recamly  baan  shown  ttiat  a  nxide 
locked  Nd-Yag  system  with  a  pulse  energy  as  Nttla 
as  200  mi  artf  a  puiss  width  ol  200  psac  is  a  vary 
alfactive  x-ray  source  tor  EXAFS  studies  ol  tow 
atomic  number  elemanis.  Over  10%  ol  the  laaer 
light  can  be  convened  to  x  rays  of  anaigy  above  1 
keV.  Mode  lockad  systems  eftils  energy  and  pMae 
operating  at  rapeUlion  ratos  of  10Hz  are  avaUabla 
and  offer  axcaMenl  high-avaraga  power  and  bri^- 
nass  x-ray  sources.  (12mln) 
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H.  M.  EPSTEIN  and  B.  E.  CAMPBELL.  Battella-Co- 
kimbus  Laboratories.  Columbus.  Ohio  43201. 

Vary  high  Mansity  laser-pMsma  x-ray  soivees 
have  baan  dsvetopad  over  the  past  tan  years.  In 
addition,  it  has  bean  damonstrawd  otat  a  relatively 
small,  high  repeiltion  rate  laser  is  a  most  attractiva 
high  average  power  source  of  x-rays  in  the  %  to  2 
keV  range  tor  ganaral  indusirial  or  labaratory  ap¬ 
plications.  This  anargy  range  is  particularly  sig¬ 
nificant  for  x-ray  ntkaoWOwgrphy  of  bitegralad  cir¬ 
cuits.  A  relalivety  tow  cost  system  w«h  an  antici- 
patod  ouipui  of  a  tow  torkhs  of  a  wan  of  x-rays  in  tto 
above  energy  range  wilt  be  discuased.  An  Intor- 
esting  advantage  of  the  lasar  plasma  x-ray  sowoe 
is  Oto  small  source  diamator.  about  50  pm.  This 
small  source  size  xrlll  allow  the  x  rays  to  be  ex¬ 
tracted  from  Ow  vacuixn  chamber  Into  a  helium  drift 
tuba  throutpi  a  series  of  ddlsrenfially  pumped  orfi- 
ces.  greatly  reducing  window  toaaas.  Ftathamwre. 
N  tie  maMi/wstor  dWortian  prgbtoms  can  be  sokiad. 
submicron  Mhography  is  poesibis  wNh  offtotora 
large-solid-angle gaomntry expoatras.  Theexpo- 
nential  decrease  of  laser-plaima  x  rays  wlto  to- 
creasing  energy  also  providM  good  ooneaxt  bo- 
tween  the  open  and  masked  regions.''’  The  hard 
x-ray  component  is  a  sevare  problem  wNh  mosi 
plasms  soweas  craatod  by  atoctrioal  diaehargas  or 
E  beams.  There  to  MHa  doubt  tat  tialasar-pikama 
x-ray  source  should  be  considsrad  as  a  mator  dor>- 
tsndar  tor  submicron  kthography. 

Moda  loefced  Nd-YAO  lasers  focused  to  several 
tans  ol  pm  spot  sizsa  are  ailseiive  x-ray  soisosa  tar 
this  purpose.  Over  10%  of  tw  laser  Hghi  can  bo 
convarted  to  x  rays  of  snargy  over  1  keV  wflh  a 
20(Mivl  20Opaec  laser.  Meds-tockad  lasars  wIVi 
rapoutien  ratas  of  10  Hz  and  ihe  above  ouipuis  are 
WWW  now.  HN*  ifPPW  ww  muon 

Ikghar  average  power  should  be  avakabta  to  Ptoitsar 
future.  {12iabi) 
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to  present  COj  lasar  systems  tar  fusion  research, 
single-pulse  arts^icalion  systems  are  adopted,  and 
the  maximum  efficiency  of  these  systems  is  a  few 
percent.''’  Higher  efficiencies  ^10%.  which  are 
raquirad  tor  reactor  drivers,  oould  be  achieved  by 
adopting  a  systom  of  multipass  amplification  in  a 
stogls  gain  madia  of  large  vokxne. 

Fokowing  energy  extraction  by  a  short  pulse.  Ihe 
population  invarsion  ol  the  laser  transition  is  de- 
pielsd.  but  gain  recovery  occurs  due  to  last  raiaxa- 
tion  between  vibrational  levels  ol  COj  and  N;  mol¬ 
ecules.  In  ganaral.  the  energy  stored  in  the  vibra¬ 
tional  lavals  of  COr  and  N;  is  not  comptataly  ax- 
fractod  by  a  single  short  (-^l-nsae)  pulse.  A  sig¬ 
nificant  fraction  of  this  stored  energy  can  be  ax- 
fraetod  by  successivo  optical  pulsas  with  an  opli- 
n«xn  time  Intorval  aquivaiant  to  the  vibrational  re¬ 
laxation  tkna. 

Tha  gain  rocovary  for  various  gas  mixtivas  was 
msasiaed  by  arttplilying  two  pulsas  wMh  a  variable 
ttoistotorval.asshovmtoFIg.  1.  totUsLekkoCOy 
laser  axperimant.  the  first  pulse  was  used  tor  Vte 
daptotlon  of  population  inversion,  while  the  second 
pulaa  was  used  tor  mesiixement  of  the  gain  re¬ 
covery.  It  was  seen  that  gain  recovery  ol  >70% 
was  obtainad  after  a  time  Interval  ol  100  nsec  to- 
dspsndsntlyof  gaamixkse.  Thecharactaristietima 
of  relaxation  and  its  dapendance  on  gas  mixture 
suggest  that  tie  relaxation  of  «te  tower  laser  level 
population  to  tha  ground  level  is  not  imporianl  and 
toat  die  relaxation  to  toa  first  banihng  level  (010)  is 
damtoem  to  Vie  gam  recovery  process. 

The  opbrnizaiion  of  the  gas  mixtiae  to  obtain  high 
efficiancy  tor  muHipatt  smplilication  was  toveslL 
gaisd  Pari  of  Vis  opdeai  pulse  ampkiiad  by  toe  gam 
madia  was  reDecisd  by  toe  NaCl  sputter  and  was 
totacMd  tow  the  gam  madia  again  to  achieve  multi¬ 
pass  ampUfreation.  Experlmanlal  results  are 
sianmarized  to  Table  I.  An  efficiency  ol  8%  was 
achieved  by  toe  muHipass  ampUHcalion.  wharaas 
the  single  pass  effictancy  was  2%.  Thaoretical 
analysis  ol  toe  prssem  oxperXnents  shows  toe 
posstoHily  of  attaintog  efficiencies  >10%  byopli- 
mizing  the  multipass  optical  system.  (13  min) 
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The  propagation  of  nanosecond  COt  laser  pulsas 
to  Mgfvpawer  Mgh-galn  amplifisrs  has  been  wall 
understood  tar  several  years.'-*  However,  toe 
ampkReadon  Of  subnanoaaoend  puisss  has  rm  bean 
tooroughfy  tovestigatad.  to  a  previous  expertoisni* 
on  toe  propagation  of  570psec  pulses  to  a  tow-gain 
TEA  laser,  a  s^Wtoanl  discrapancy  between  ex- 
parlmant  and  toaory  was  Observed.  Itwastound 
that  Via  97(Lpsac  pulsas  brosdsnad  to  880  psac 
upon  ampwieatton.  wharaas  toaory  pradictad  Vwt 
Visy  Should  have  narrowed  to  370  psac. 

Far  a  manber  ol  expertmems  It  Is  dasirabis  to 
have  high  power  eubnanosacono  (FWMM  S  800 
pseOCQi  lasar  putoaa.  Thsratare.wehavesiudtod 
toe  propagsiien  of  such  puieas  m  a  high  pressuie 
high-gain  abeam  oontrafisd  ampUfiar.  usinp  one 
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beam  of  toe  Los  AtamoaQamtoi  lasar  syilsm.  Ttw 
Oamed power smpliftorlsatrlpta  pass  device  wkh 
an  oidpta  aperture  of  34-cm  diam  and  Is  operaiad 

al  a  pressure  of  1900  Torr  Tha  ampMfler  Iws  a 
— ‘  "n~~‘  r**  m  r*  *  — '  srtf  t  n  n  iisti 
oein  tangvi  product  gbL  of  ~13. 

To  psnaraia  shoH  pulsos  tor  toleclton  Into  toe 
ampHRar.  lOO-mJ  1-nssc  pulsos  ware  locusad  vNVi 
f/1  apdcs  into  ~20  Torr  of  pwe  Mfrogan.  By 
varying  Vis  Nt  prasaixe.  puisss  wIVi  widVe  from  200 
to  700  psac  could  be  oblainad.  Tamporal  puiss 
shapes  ware  monitorad  wWi  Iasi  pyreatacfric  ds- 
tactors  directly  oouplsd  to  5CHz  oaoilloscopas. 
The  rasponae  ttois  of  Via  dsWctor-oacNtoaoeps 
combination  is  —120  psac. 

For  S-mj  850-psoc  Inpui  pulsas.  0.3-TW  350-d 
outoii  pulaas  wMi  wMtos  of  900  psac  ware  obtainad. 
WNh  shorter  l-nvl  400-paoc  toputa.  outputs  of 
companbla  power  (0.3  TW)  but  shottar  widtos  (400 
psec)  and  reduoad  energy  oouW  sMk  be  obtained. 
Irluch  ahottar  output  pulset  (285  psac)  of  reduoad 
power  and  anargy  were  also  observed.  Thsaete- 
sultsata  In  qualltativs  sgrastitit  wkh  toe  predto- 
ttonsol  a  fukycoheretk  theoretical  model.''*  and  a 
more  dataHsd  analysis  Is  to  prowess.  Ntoosere- 
Mins  KMS  af  VIS  moosi  piwscv.  sos  pssR 
powers  and  natrowir  pulse  widtos  should  be  eb- 
tainsbta  on  toe  Hallos  lasar  syatam  wkh  Ns  3-pess 
gain  IsagVi  product  gsL  —  20. 

to  canfrast  to  previous  exparlmants.  k  appears 
tool  9ta  praaam  data  are  orxwistani  wkh  predteVons 
ol  a  eaharam  piksa  ptnpagatlnn  modal.  This 
aggsstaViatCMrenVyaiialiabisOOilassrampkfiars 
sra  capable  of  producing  very  high  peak  power 
putaas  8  toey  sre  tolvan  wkh  IsM-tlatop  kipui  pultsa. 
Suksbia  pulsas  could  be  obtatoad.  tor  exampta.  by 
peaaing  l-nsac  pulsaa  torough  sakxshls  sbeotbers. 
suchaapdopadgatmankan.  (Malta) 
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Recent  advances  to  taaer  design  provids  toe 
imooViteprodudbta  stogls  mods  pulssi  required' 
tor  the  quantkallve  comparlaeo  el  toaory  and  ex- 
perlmawt  In  toe  laser-fnduced  breakdown  of  gaxas. 
This  paper  sppkss  miorowava  breakdown  dWtusion 
toaory*  to  oiv  locusad  CO,  laaar  maansontstak  and 
ralokssai  an  eWacttve  diftusion  tangto  L,  and  an 
eltacbita  pulaa  wWto  T,  from  toe  maasipad  shape 
of  toe  tassr  pulse,  taevtous  tassr  breakdown 
maoammams*  have  used  fMktg  paramaiars  lor 
talusso*  too  dklusien  tangto  and  uauaky  tar  toe  Isaar 
putaeekdto.  ThalenlanilenraMsustogoureaiev- 
tassdialust  of  toasapsranaisrs  tor  Ota  lay  pulse 
are  togoodawesrrwrv  wkhdc  (onlaaiion  ratas  usstg 
acosplad  values  el  Via  ataciron  nauval  eektslen 
fraqusncy  tar  momatVum  exchange  Hm 

A  sktgta  mods  200-kW  hybrid  COt  taasr*  was 
used  wVh  a  earohiNy  ehoaen  tana  to  msasure  re- 
pfOducMv  Iwikctown  Vwthoidi  vnd  Awlwictw 
ttfnvs  In  dMA,  flowing  pivlomivd  qm 
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